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Lipid raftPlasma membrane is one of the preferential targets of reactive oxygen species which cause lipid peroxidation.
This process modiﬁes membrane properties such as membrane ﬂuidity, a very important physical feature
known to modulate membrane protein localization and function. The aim of this study is to evaluate the ef-
fect of oxidative stress on plasma membrane ﬂuidity regionalization of single living THP-1 macrophages.
These cells were oxidized with H2O2 at different concentrations, and plasma membrane ﬂuidity was analyzed
by two-photon microscopy in combination with the environment-sensitive probe Laurdan. Results show a
signiﬁcant H2O2 concentration dependent increase in the frequency of rigid lipid regions, mainly attributable
to lipid rafts, at the expense of the intermediate ﬂuidity regions. A novel statistical analysis evaluated changes
in size and number of lipid raft domains under oxidative stress conditions, as lipid rafts are platforms aiding
cell signaling and are thought to have relevant roles in macrophage functions. It is shown that H2O2 causes an
increase in the number, but not the size, of raft domains. As macrophages are highly resistant to H2O2, these
new raft domains might be involved in cell survival pathways.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Membrane ﬂuidity is a very important physical feature of
biomembranes as it is involved in cell functions such as regulation
of enzyme activity, permeability, transport of nutrients, lateral mo-
tion of membrane constituents and osmotic stability of cells [1]. One
of the ideas, on the biological membranes, which has been consolidat-
ing in recent years is that the membrane protein structure and func-
tion can be regulated and modulated by the composition, structure
and dynamics, of its host lipid environment [2–4]. It has been recently
described how the particular biophysical properties of membrane
lipid bilayer may regulate the localization of receptors in the plasma
membrane and the potential functional consequences in signal trans-
duction [5]. It is now generally accepted that plasma membranes con-
tain highly dynamic (ﬂuctuant) nanoscale microdomains, commonly
called lipid rafts. These microdomains are enriched in sphingolipidsne) dihydrochloride; DMSO,
line; FBS, fetal bovine serum;
vesicles; ld, liquid disordered;
2,5‐diphenyltetrazolium bro-
active oxygen species; THP‐1,
+34 93 581 1907.
Haba),
uab.es (P. Martínez),
rights reserved.and cholesterol and are associated to a subset of membrane proteins
with an important role in cell signal transduction and membrane
trafﬁc [6–8].
Lipids within the plasma membrane are one of the preferential
targets of reactive oxygen species (ROS) which cause lipid peroxida-
tion. In particular, polyunsaturated phospholipids are an extremely
vulnerable target, due to the susceptibility of its chains to lipid perox-
idation. This process disturbs the bilayer structure, modiﬁes mem-
brane properties such as membrane ﬂuidity, alters the physiological
functions of cell membranes and contributes to cell membrane dam-
age [9,10]. Altered membrane ﬂuidity might also affect membrane
protein function by modifying its lipid microenvironment and inter-
actions [2–5]. Several reports have described a decrease of membrane
ﬂuidity in different cell membranes as a consequence of lipid peroxi-
dation [11–13].
Although macrophages were originally recognized as major im-
mune effector cells of the innate immune response, it is now appreci-
ated that they also play other important roles in the maintenance of
tissue homeostasis, and are involved in a variety of pathological con-
ditions including cancer [14] or multi-factorial inﬂammatory diseases
[15]. In atherosclerosis, inﬂammatory reactions induced by ROS con-
tribute to increase atherosclerotic lesions [16]. In granulocytes, ROS
and reactive nitrogen species (RNS) have a dual function: they func-
tion as signaling molecules, modulators of protein and lipid kinases
and phosphatases, receptors, ion channels, and transcription factors
[17]. It has been recently demonstrated that, during the immune
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leading to the subsequent induction of T regulatory cells in a
ROS-dependent manner [18]. During an inﬂammatory response, ROS
and RNS modulate phagocytosis, secretion, gene expression, and
apoptosis [19]. Many recent reports show the pivotal role of dynamic
remodeling of membrane microdomains in some of the relevant func-
tions of immune cells, such as antigen recognition or the signaling
across the cell [20–22]. In the case of the immune system, it has
been suggested that oxidation of membrane lipids may serve as a crit-
ical step in innate and adaptive immune signaling [22]. Nevertheless,
the effect of oxidative stress on macrophage plasma membrane ﬂuid-
ity remains poorly studied.
Several imaging methods are presently used for investigating cell
membrane lipid dynamics as recently reviewed [8,23,24]. Many of
these techniques use ﬂuorescent dyes sensitive to the packing of its
lipid microenvironment, thus allowing to analyze membrane ﬂuidity
[25]. One of the more suitable ﬂuorescent probes to study the
regionalization of membrane ﬂuidity is Laurdan (6-dodecanoyl-
2-dimethylamino-naphthalene), which exhibits an emission spectral
maximum shift from 440 nm to 490 nm in the transition from a gel
phase to a liquid phase [26,27]. By using a multiphoton confocal mi-
croscope it is possible to excite the ﬂuorophore with two photons at
double the wavelength causing it to ﬂuoresce. This technique,
known as two-photon microscopy, allows obtaining high resolution
images of Laurdan-stained single cells, in vivo, which enables visualiz-
ing the distribution of membrane ﬂuidity in different domains within
the plasma membrane [26–32].
The aim of the present study is to evaluate the ﬂuidity regionaliza-
tion in the plasma membrane of single macrophages, in vivo, and the
effects of oxidative stress, by using two-photon microscopy. We will
use the monocytic line THP-1 induced to macrophages with
phorbol-12-myristate-13-acetate (PMA).
2. Materials and methods
2.1. Liposome preparation
Appropriate amounts of dipalmitoylphosphatidylcholine (DPPC,
Avanti Polar Lipids (Alabaster, AL)) and of the membrane ﬂuidity probe
Laurdan (6-dodecanoyl-2-dimethylamino-naphthalene, Invitrogen) were
dissolved in chloroform. The solvent was evaporated under an oxygen-
free N2 stream and the resulting ﬁlm was maintained under high vacuum
overnight to remove organic solvent traces. Giant vesicles were
obtained by gently applying PBS, pH 7.4, at a temperature 10 °C
above the DPPC phase transition (Tm=41 °C) on the ﬁlm, to a ﬁnal
DPPC concentration of 2.5 mM (0.5 mg/ml) and Laurdan concentra-
tion of 5 μM. The sample was incubated at this temperature in rest-
ing conditions and in the dark for 24 h. This method rends mainly
giant unilamellar vesicles (GUVs) of about 20 μm of mean diameter,
although some oligolamellar vesicles could also be observed. For the
ﬂuorescence measurements by confocal microscope only GUV were
selected.
2.2. Monocyte cell line culture
Cells were maintained in the Servei de Cultius Cel·lulars,
Producció d'Anticossos i Citometria (UAB). The human monocytic
cell line THP-1 was cultured in RPMI medium 1640, 10% Fetal Bovine
Serum (FBS) with GlutaMax (Invitrogen) and without phenol red.
Cells were maintained at 37 °C in 5% CO2. All experiments were
performed within the cell passages 20–50.
2.3. Induction of THP-1 monocyte cells to macrophages
THP-1 monocytes were induced to macrophages in 35 mm
MatTek glass bottom dishes at 4×105 cells/plate for 72 h at 37 °Cand 5% CO2, in the presence of 0.16 μM phorbol 12-myristate
13-acetate (PMA). After macrophage induction, cells were left in
fresh medium for 24 h before H2O2 was added. Cell to cell interaction
produces an increase of rigid domains as it was described by Gaus
[33]. Therefore our aim was to achieve an optimal cellular density
(less 50% conﬂuent) to minimize cell to cell contact, but enough to
obtain cells for our study. Our results showed that for our study the
optimal cellular concentration was 4×105 cells/plate.
2.4. Analysis of THP-1 cell viability under oxidative stress conditions
To analyze the effects of H2O2 on membrane ﬂuidity, we ﬁrst deter-
mined the highest H2O2 concentration allowing acceptable levels of via-
bility. Macrophages were induced in 96 micro well plates for viability
analysis. Cells were thenwashed three timeswith PBS. H2O2 in freshme-
dium without FBS was added to ﬁnal concentrations ranging from
0.1 mM to 1 M. After 24 h at 37 °C and 5% CO2 cells werewashed and vi-
ability was assessed by MTT assay (EZ4U Cell Proliferation Assay,
Biomedica Gruppe, Wein, Austria). This assay measures the reduction
of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
to formazan (1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan) cata-
lyzed by mitochondrial dehydrogenase in functional mitochondria.
Results showed that the H2O2 concentrations suitable for our study
ranged from 0.5 mM to 2.0 mM, which maintained cell viability above
80%.
2.5. Laurdan-staining of macrophage membranes
Laurdan was dissolved to a concentration of 2 mM in DMSO and
stored at−20 °C at the dark. For membrane labeling, cells were incu-
bated in medium without FBS at a ﬁnal concentration of 5 μM
Laurdan for 30–60 min at 37 °C and 5% CO2 with agitation.
2.6. Two-photon microscopy technique
Membrane ﬂuidity was evaluated with a multiphoton scanning
confocal microscope Leica TCS-SP5 (Leica Microsystems, Heidelberg
GmbH), after incubation with Laurdan, at the Servei de Microscòpia
(UAB). For macrophages a 63× oil immersion objective lens and a 1.4
numerical aperture were used. Images were obtained at a resolution
of 512×512 pixels and at a scan speed of 400 Hz with LEICA LAS AF
software. After ﬂuorescence excitation with the multiphoton laser at
800 nm, the two-photon microscope captures two simultaneous emis-
sion images, with wavelengths ranging from 400–460 nm and
470–530 nm.
Emission intensities from every image pixel were introduced into
the generalized polarization (GP) equation (Eq. (1)) providing a ﬁnal
GP value, which is a measure of membrane ﬂuidity:
GP ¼ I 400460ð Þ  G I 470530ð Þ
I 400460ð Þ þ G I 470530ð Þ
ð1Þ
where G is a correction factor for the microscope being used, which
was calculated by using Eq. (2):
G ¼ GPtheoþGPtheo  GPexp1 GPexp
GPtheo  GPexpGPtheoþGPexp  1
ð2Þ
where GPtheo is the GP theoretical value of a standard solution of 5 μM
Laurdan in DMSO, which has a known value (GPtheo=0.207), where-
as GPexp is the GP value of the same solution measured in our confocal
microscope [34]. GP values range from −1, corresponding to the
highest ﬂuidity, to +1 for the lowest ﬂuidity. GP images, therefore,
show membrane ﬂuidity distributions across the cell membrane pro-
viding an excellent tool for membrane dynamics visualization [35].
Fig. 1. Validation of the technique two-photon microscopy with Laurdan-labeled DPPC
GUVs: GP images of DPPC giant unilamellar vesicles (GUVs) stained with 5 μM
Laurdan, in PBS at 50 °C (ﬂuid phase) (A), 42 °C (near the gel to liquid phase transi-
tion) (B) and 30 °C (gel phase) (C). Scale bar, 10 μm. GP images were pseudocolored
with an arbitrary color palette (D). (E) Experimental (dots) and ﬁtted (continuous
lines) normalized GP frequency distribution curves corresponding to the three images
presented in (A–C). GP values range from−1 to +1,−1 being very ﬂuid lipid domains
and +1 very rigid lipid domains. For the ﬁtting procedure we have used Gaussian or
Weibul functions for asymmetric curves.
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A WiT 8.3 imaging software (Dalsa Digital Imaging, Canada) was
used and adapted for the image processing to obtain a GP value for
each pixel. All calculations were carried out in ﬂoating point format
and all images were ﬁrst converted to 8-bit unsigned format [35].
Images were then processed with a custom made sub-program.
Background values were set to zero: equation 1 denominator was
converted to a binary image with background values set to zero and
nonbackground values set to one, then the binary image was multi-
plied by the GP image [31]. Images were then pseudo colored by
means of Adobe Photoshop 7.0. All GP images were corrected using
the G factor previously obtained from a 5 μM Laurdan solution in
DMSO for each experiment [35]. GP distributions were obtained
from the histograms of the GP images.
2.8. Assessment of lipid peroxidation
Lipid peroxidation in macrophage membranes was assessed by
using C11-BODIPY581/591 (4,4-diﬂuoro-5-(4-phenyl-1,3-butadienyl)-4-
bora-3a,4a-diaza-s-indacene-3-undecanoic acid, Invitrogen), a ﬂuores-
cent fatty acid analogue which incorporates into membranes. Upon ox-
idation, both the excitation and emission ﬂuorescence spectra of the
dye shift to shorter wavelengths [36,37]. A 2 mM stock solution of
C11-BODIPY581/591 was prepared by dissolving the probe powder in
dimethylsulfoxide (DMSO) and then it was stored at −20 °C in the
dark. For probe incorporation, macrophages were placed in 96-well
plates (2.5×105 cells·mL−1), incubated in medium without FBS at a
ﬁnal concentration of 10 μM C11-BODIPY581/591 for 45 min at 37 °C
and 5% CO2, and ﬁnally washed three times with PBS.
H2O2 was then added to ﬁnal concentrations ranging from
0.1 mM to 5 mM, and cells were incubated for 30 min and 24 h at
37 °C. Control cells were incubated in the same conditions without
H2O2. A multi-well spectroﬂuorometer (Victor3, Perkin-Elmer) was
used to measure the emissions corresponding to the oxidized
(green ﬂuorescence: λexcitation, 488 nm; λemission, 520 nm) and non‐
oxidized (red ﬂuorescence: λexcitation, 545 nm; λemission, 590 nm)
states of the probe. Oxidation of C11-BODIPY581/591 was estimated
by calculating the ratio between green ﬂuorescence (oxidized) and
total ﬂuorescence (oxidized plus non‐oxidized), in order to normal-
ize for probe uptake and distribution into cellular membranes [38].
Lipid peroxidation values were calculated from three different ex-
periments, each experiment composed of triplactes.
Lipid peroxidation induced by hydrogen peroxide was compared to
the effect of the free radical initiator 2,2´-azobis(2-amidinopropane)
dihydrochloride (AAPH) (Sigma-Aldrich). AAPH has been used suc-
cessfully to study the actions of free radicals upon cell membrane
lipid peroxidation [37,39,40]. To assess the azo compound oxidizing ef-
fect, 5 mM AAPH solution in medium without FBS was added to mac-
rophages loaded with C11-BODIPY581/591, as described above, in
96-well plates. The plates were incubated for 30 min and 24 h, at
37 °C. Oxidation of C11-BODIPY581/591 was estimated by calculating
the ratio between green ﬂuorescence and total ﬂuorescence.
2.9. Statistics
Statistical analyses were performed by using SigmaPlot for Win-
dows 11.0 (Systat Software, Inc.). In membrane ﬂuidity studies, com-
parisons between control and oxidation treatments were performed
by one-way analysis of variance based on ranks (Kruskal–Wallis)
followed by post-hoc Dunn's test. For H2O2 experiments, the sample
size, n, was 70 to 94. For azo compound experiments, the sample
size, n, was 55 to 61. For all lipid peroxidation measures with
C11-BODIPY581/59, comparisons between control and oxidation treat-
ments were performed using a Student's t-test. Statistical signiﬁcance
was indicated by pb0.05.3. Results
3.1. Standardization of two-photon microscopy
Two-photon microscopy standardization was performed using
model membranes of DPPC stained with Laurdan, at different tempera-
tures, to follow the drastic ﬂuidity changes produced in the bilayers
throughout the gel to liquid-crystalline phase transition. Fig. 1A–C
shows the Laurdan generalized polarization (GP) images of DPPC GUVs
at temperatures corresponding to the ﬂuid phase (50 °C) (Fig. 1A), to
the phase transition temperature (42 °C) (Fig. 1B) and to the gel phase
(30 °C) (Fig. 1C). GP images (Fig. 1A–C) were pseudocolored with an ar-
bitrary color palette (Fig. 1D), which shows extreme ﬂuidity (GP=–1)
in purple color and extreme rigidity (GP=+1) in red color. Coherently,
liquid crystalline phase liposome (Fig. 1A) appears with predominant
blue color, liposome near the phase transition temperature is shown in
yellow-green color (Fig. 1B), and gel phase liposome (Fig. 1C) shows
orange-red color. GP images were transformed to GP distribution graphs
(Fig. 1E) to evaluate liposome membrane ﬂuidity distribution at each
temperature.
In addition to the GP distribution graphs shown in Fig. 1E, we
obtained a series of GP histograms for DPPC at different temperatures
ranging 30 °C to 50 °C. The GP values for the peaks of the resulting his-
tograms were plotted as a function of temperature (Fig. 2). As it can be
observed in Fig. 2, the GP peaks vs temperature plot describes the DPPC
gel to liquid-crystalline phase transition with a Tm value near 43 °C.3.2. Membrane ﬂuidity distribution of THP-1 macrophages under
oxidative stress induced by H2O2
For the evaluation of the effect of oxidative stress on macrophage
membrane ﬂuidity, THP-1 macrophages were incubated with H2O2,
Fig. 2. Temperature dependence of GP maxima for DPPC GUVs: dots represent the GP
peak values of GP histograms at different temperatures (from 30 °C to 50 °C), as
those shown in Fig. 1E.
Fig. 3. GP images and GP frequency distributions of control and oxidized Laurdan-
stained THP-1 macrophages: THP-1 monocytes were induced in MatTek plates with
0.16 μM PMA and incubated for 72 hours. THP-1 macrophages were washed with phe-
nol free media and 0.0 mM H2O2 (control cells) (A), 0.5 mM H2O2 (B), 1 mM H2O2 (C)
and 2 mM H2O2 (D) was added. Scale bar, 10 μm. After a 24 hour incubation period
TPH-1 macrophages were stained with 5 μM Laurdan in serum free media. Images
were collected (n=70 to 94) at 37 °C in a two-photon microscope, GP images were
calculated and then pseudocolored with an arbitrary color palette (E) (see Materials
and methods). GP images were transformed to GP frequency distribution curves and
normalized (sum=100) (F): dots show experimental data and continuous lines
show best ﬁtting curves to the experimental data using Gaussian functions or Weibul
functions for asymmetric curves. GP frequency distribution values of control macro-
phages were subtracted from the corresponding values of each GP distribution of
H2O2 treated macrophages. The resulting frequency difference distribution curves are
shown in G. Symbols indicate values of the resulting frequency differences and
smoothed lines were obtained using a Savitsky–Golay algorithm.
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was then analyzed by two-photon microscopy. For every treatment
and for the control 70 to 94 cells were individually analyzed.
Fig. 3A–D shows GP images of macrophages, at 37 °C, in control con-
ditions (A) and in oxidizing conditions, in 0.5 mM H2O2 (B), 1 mM
H2O2 (C) and 2 mM H2O2 (D), pseudocolored with an arbitrary
color palette (E). It can be detected a substantial enrichment in high
GP areas orange-red colored in the macrophage surface, correspond-
ing to rigid domains, as H2O2 concentration increases.
GP frequency distributions, at 37 °C, of control and treated macro-
phages, which presented interesting differences when compared, are
shown in Fig. 3F. Two vertical lines have been drawn in Fig. 3F cross-
ing the two GP points with common frequencies (GP ~ −0.28 and
GP~+0.22), to help deﬁning three zones with different behavior in
the GP scale. For a better observation of these frequency changes,
GP frequency distribution values of control macrophages were
subtracted from the corresponding values of each GP distribution of
H2O2 treated macrophages (Fig. 3F). The resulting frequency differ-
ence curves are shown in Fig. 3G where the three above deﬁned GP
zones can also been observed. As it can be clearly seen, oxidation in-
duces an increase of frequency difference in both ends of the GP scale
(from −1.00 to −0.28, and from +0.22 to +1.00), whereas middle
GP values (from −0.28 to +0.22) decrease in frequency.
In order to statistically analyze the frequency changes for every
single cell, the area under the frequency distribution curve (Fig. 3F)
of these three GP zones was measured and compared. The results of
this analysis are shown in Fig. 4. In the intermediate and positive GP
zones, signiﬁcant differences (pb0.05) were found between the con-
trol and each oxidation treatment. In summary, GP values above
+0.22 show a signiﬁcant increase of frequency for oxidized macro-
phages. These frequency differences increase with H2O2 concentra-
tion and occur at the expense of a signiﬁcant frequency decrease in
the GP interval between −0.28 and +0.22. This means that more
rigid regions are generated in macrophage plasma membrane as a
consequence of oxidation.
It is interesting to attribute the above described GP frequency
changes to the different kinds of lipid phases, as it is accepted for lipid
bilayers of living cell membranes. The GP values corresponding to
these different lipid phases have been estimated by comparison with
membrane models showing compositions similar to those of cell mem-
branes [35,41,42]. GP values above +0.55 and below−0.05 represent
membranes in gel and ﬂuid phase, respectively [35,41]. GP valuesapproximately between +0.25 and +0.55 have been attributed to
liquid-ordered (lo) or lipid raft domains whereas GP values between
−0.05 and +0.25 would correspond to the surrounding nonraft re-
gions or liquid-disordered (ld) phase [28,33].
We further investigated if raft domains, as platforms for efﬁcient
signaling, could increase in number or in size. Therefore, a novel soft-
ware was developed in our laboratory to statistically analyze these
two parameters from the data obtained for every single cell. The mean
and SEM obtained for the size of domains with +0.25bGPb+0.55
(lipid rafts) and for the size of domains with GP>+0.55 (gel phase),
for control or oxidized macrophage are shown in Fig. 5. No signiﬁcant
changes were found in the size of raft domains or in the size of gel
phase domains as a consequence of H2O2 macrophage oxidation. How-
ever, the number of both lipid raft and gel phase domains signiﬁcantly
increased as the H2O2 concentration rises (Fig. 5).
Fig. 4. Statistical analysis of the area of the three GP regions: The mean values of the
area under the distribution curve for the three GP regions, deﬁned in Fig. 3F, were plot-
ted as a function of hydrogen peroxide concentration. Error bars correspond to SEM.
Statistical analysis showed signiﬁcant differences (pb0.05) between control and treat-
ed macrophages in the mean area of both intermediate and rigid regions.
Fig. 5. Statistical analysis of the size and the number of rigid membrane domains: The
mean size, in pixels, and the mean domain number of the raft (+0.25bGPb+0.55)
and gel phase domains (GP>+0.55) were plotted as a function of hydrogen peroxide
concentration. Error bars correspond to SEM. Statistical analysis showed signiﬁcant dif-
ferences (pb0.05) between control and treated macrophages in the mean domain
number of both raft and gel phase domains.
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In order to assess macrophage membrane lipid peroxidation in our
experimental conditions: incubation for 24 h in the presence of 0.5 to
2.0 mM H2O2, in which cell viability is above 80%, oxidation of the
probe C11-BODIPY581/591 was determined. It is well known that this
ﬂuorescent probe is a fatty acid analogue which incorporates into
membranes and allows the evaluation of lipid peroxidation in vivo
[43]. Lipid peroxidation increases in a H2O2 concentration depending
manner as it is shown in Fig. 6. At the H2O2 concentration range used
in our GP study (Fig. 3) a signiﬁcant increase in lipid peroxidation, as
compared to the control cells, is detected. Lipid peroxidation was also
measured at 30 min, but no signiﬁcant changes were detected.
3.4. Effects of free radical initiator AAPH on macrophage lipid peroxida-
tion and membrane ﬂuidity
The free radical initiator AAPH was used as a standard for lipid
peroxidation. It is known that azo compounds generate free radicals
at a constant rate by their spontaneous thermal decomposition and,
through a chain mechanism, they induce biochemical modiﬁcations
in the biological molecules [39].
As can be seen in Fig. 7A, after 30 min incubation of macrophages
with AAPH, there was a signiﬁcant increase of C11-BODIPY581/591 per-
oxidation as compared to control cells. The azo compound also induced
changes in the membrane ﬂuidity distribution (Fig. 7B–C); a signiﬁcant
(pb0.05) frequency increase in lipid rafts (+0.25bGPb+0.55) and gel
phase domains (GP>+0.55) was obtained, at the expense of interme-
diate and ﬂuid lipid domains. The results obtained with the azo com-
pound AAPH indicate membrane lipid peroxidation and this is related
to the appearance of rigid domains.
4. Discussion
In order to validate the technique of two-photon microscopy in
our laboratory, we ﬁrst analyzed giant liposomes of DPPC. The GP im-
ages and the corresponding histograms, shown in Fig. 1, as well as thetransition curve in Fig. 2, were in agreement with the results previ-
ously obtained for DPPC GUVs by other groups [29,44]. We also mea-
sured, by a spectroﬂuorometric method described by Parasassi et al.
[45], the GP values at different temperatures of Laurdan stained
DPPC multilamellar liposome suspensions. The mean GP values (0.6
at 30 °C, −0.2 at 50 °C and 0.2 at 41 °C) matched to those obtained
in our laboratory by two-photon microscopy.
Our GP distributions for control THP-1 macrophages (Fig. 3) were
similar to those obtained by Gaus et al. [46]. Nevertheless, small dif-
ferences can be observed that could be attributed to the different
staining method used and/or to the different temperatures at which
the images were acquired. Our Laurdan-staining method has some
advantages in preserving the membranes, as it did not include any
ﬁxing or pre-treatment of the cells. Concerning the acquisition tem-
perature, our experiments were performed at physiological tempera-
ture, 37 °C, whereas other authors perform the experiments at 22 °C.
Our GP images have been pseudocolored with an arbitrary palette of
colors which may be different from the arbitrary colors chosen in
other reported studies.
In our study we show that macrophages treated with hydrogen
peroxide undergo a concentration dependent signiﬁcant increase in
the frequency of both rigid lipid domains: gel phase and raft domains.
It has been shown that lipid rafts are particularly enriched in certain
areas of the macrophage plasma membrane like ﬁlopodia and cell to
cell contacts [35]. Moreover, in the last years several authors have
suggested a relevant role of rigid lipid domains in some of the func-
tions of macrophages like motility and phagocytosis [21,46] or during
Fig. 6. Macrophage membrane lipid peroxidation induced by H2O2. THP-1 macro-
phages were stained with the lipid analog C11-BODIPY581/591 for 45 min at 37 °C and
treated with H2O2 for 24 h at 37 °C. Bars indicate the mean percentage values of
C11-BODIPY oxidation. Error bars correspond to SEM. Statistical analysis showed sig-
niﬁcant differences between control and treated macrophages: pb0.05 for concentra-
tions ranging from 0.5 mM H2O2 to 2.0 mM H2O2 and pb0.001 for 5.0 mM H2O2.
Fig. 7. Effects of the azo initiator AAPH on lipid peroxidation and membrane ﬂuidity.
THP-1 macrophages were stained with the lipid analog C11-BODIPY581/591 for 45 min
at 37 °C. AAPH was added to a ﬁnal concentration of 0.0 mM (control cells), and of
5.0 mM, for 30 min at 37 °C and lipid peroxidation was evaluated (A). To analyze the
effect of the azo compound AAPH on membrane ﬂuidity, macrophages were incubated
for 30 min with 0.0 mM (control cells) and 5.0 mM AAPH, and stained with 5 μM
Laurdan in serum free media. Two-photon microscopy images were collected and
transformed to GP frequency distribution curves. Statistical analysis of the area under
the curve of the GP region from +0.25 to +1.0 showed signiﬁcant differences
(pb0.05) between control and AAPH treated macrophages (B). The GP frequency dis-
tribution curve of control macrophages was subtracted from the GP distribution
curve of AAPH treated macrophages similarly to the H2O2 treatment. The resulting fre-
quency difference distribution curve is shown (C).
362 C. de la Haba et al. / Biochimica et Biophysica Acta 1828 (2013) 357–364macrophage activation [47,48]. Interestingly, the oxidation-induced
frequency increase, described in the present study, is placed in the
high GP zone which corresponds to raft/gel phase lipid domains.
The implication of ROS in lipid raft formation in the plasma mem-
brane of other types of cells has been previously described by using
raft isolation and visualization techniques [49,50].
An increase in the frequency of a given GP population, as observed
here for oxidized macrophages, may reﬂect, as suggested by Gaus et
al. [35], an increase in the corresponding mean domain size or an in-
crease in the abundance of this kind of domains. As two-photon mi-
croscopy allows visualizing the distribution of lipid domains, an
accurate quantiﬁcation of the size and the number of every type of
domains can be obtained from the original experimental data. To per-
form this analysis, we devised in our laboratory suitable software ca-
pable of analyzing every type of lipid domain from the GP images
obtained for every single cell. This new tool allows calculating for
ﬁrst time the size and the number of every type of lipid domain.
This analysis can be applied directly on the two-photon microscopy
experimental data without changing any parameter in the micro-
scope and it might allow comparing the results obtained in different
laboratories.
After the above mentioned analysis, we clearly demonstrate that
both raft and gel phase frequency increase, under oxidizing conditions,
are attributable to a signiﬁcant augment in the number of domains
(Fig. 5B), whereas the mean size of these rigid domains remains at
the same value of the control cells (Fig. 5A), i.e. approximately
170 nm×170 nm for raft-like domains and 120 nm×120 nm for gel
phase domains. The increase in the number of raft domains may be
interpreted either as a consequence of a de novo condensation of do-
mains with intermediate GP values, or as a coalescence of undetectable
preexisting rafts below the resolution of the microscope [33]. Our re-
sults exclude clustering of detectable domains, as their size did not
augment. Nevertheless, two-photon microscopy, in our experi-
mental conditions, is only able to distinguish domains above
100 nm×100 nm; therefore smaller domains remain undetectable.
Clustering or coalescence could then occur in oxidizing conditions be-
tween these small undetectable domains, giving rise to larger detect-
able domains which would account for the increase in visible domain
number. With this hypothesis, the signiﬁcant decrease observed in
the frequency of intermediate GP values (Fig. 3F–G) would correspond
to the disappearing of these undetectable rigid domains surrounded by
more ﬂuid lipid domains.The azo compound effect on macrophage membrane lipid peroxi-
dation (Fig. 7A) was comparable to the effect obtained in the pres-
ence of 0.5 to 2.0 mM H2O2 (Fig. 6). Interestingly, changes in
membrane ﬂuidity distribution due to the azo compound (Fig. 7B–C)
are also comparable to the changes induced by 2 mM H2O2 (Fig. 3G),
that is, a similar frequency increase in lipid raft and gel phase domains
is obtained. Fromour data, it seems that there is a direct relationship be-
tween lipid peroxidation induced by H2O2 and reduced membrane ﬂu-
idity in macrophages. A difference is that AAPH reaches lipid
peroxidation changes in 30 min, while H2O2 needs 24 h to reach a sim-
ilar effect, although similar changes are obtained both in lipid peroxida-
tion and membrane ﬂuidity distribution. In this work we have not
investigated other mechanisms or signaling pathways that, triggered
by the presence of H2O2, might contribute to changes in membrane
ﬂuidity.
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sponses ranging from proliferation to cell death, depending of the
cell type, exposure time or dose of the oxidant agent. Great differ-
ences exist between the responses of different cell types to a determi-
nate oxidative injury. Recent studies have shown that, depending on
H2O2 concentration, endothelial cells can undergo proliferation and
survival or apoptosis [49,51]. In our oxidative conditions, for all
H2O2 concentrations (0.5–2.0 mM), THP-1 macrophage viability was
above 80%; this is consistent with a high resistance of macrophages
to oxidative conditions, as compared to lymphocytes (data not
shown).
Lipid rafts would provide an efﬁcient means to respond to external
stimuli, including oxidants which may activate survival or apoptotic
signaling pathways [49,52]. Recent data suggests an important role
of ceramide, the precursor of important bioactive sphingolipids, in
lipid rafts formation [53,54]. Moreover, it has been demonstrated
that, in macrophage and other cells, ceramide is overexpressed
under oxidative stress conditions [47,55]. There is increasing evi-
dence suggesting that ceramide and derivatives can regulate cell pro-
liferation, inﬂammation and apoptosis [56]; all these signaling
pathways are closely related with oxidative stress conditions and im-
plicate lipid raft mechanisms. Therefore it is not surprising that when
cells are placed under oxidative stress, more lipid rafts domains ap-
pear within the membrane as a consequence of signaling pathways
being activated.
In conclusion, in this paper we have clearly demonstrated that ox-
idative stress modiﬁes the physicochemical properties of the lipid bi-
layer, that is, membrane becomesmore rigid and increase the number
of raft domains. This would allow an efﬁcient functional "decision" of
the cell that could be, among others, a survival pathway or an apopto-
tic pathway. In our experiments macrophages show a high viability
that would match with a survival pathway. This might allow the mac-
rophage to proliferate, to be activated and to secrete inﬂammatory
cytokines.Acknowledgements
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